8-Quinolinol (oxine, 8-hydroxyquinoline) is a simple aromatic alkaloid with allelopathic, antibacterial, antifungal, and cytotoxic activities. Generally, it is assumed that 8-quinolinol toxicity depends on transition metal chelation that negatively affects their availability for metalloenzymes in the cell or reactive oxygen species generation (ROS), which are formed following reduction of molecular oxygen by autoxidation of the redox active metal central atom of the 8-quinolinol complex. On the contrary, beneficial effects of 8-quinolinol and its derivatives in the medication of certain degenerative diseases are known. In this context, the activity of 8-quinolinol derivatives is attributed to their antioxidant activity following iron complex formation. To address this controversial issue, we explore the possible anti-or pro-oxidant effects of 8-quinolinol and its iron complexes in the deoxyribose degradation assay, by cyclic voltammetry and in a biological assay. The antibacterial effects of 8-quinolinol and its complex with iron were evaluated on Curtobacterium flaccumfacies and Paenibacillus amylolyticus. 8-Quinolinol showed strong antioxidant activity in the deoxyribose degradation assay. This activity may not depend exclusively on iron chelation, but probably more on the notable reducing properties of 8-quinolinol; it proved to be a more efficient antioxidant than the flavonoids catechin and quercetin. By contrast, 8-quinolinol showed no pro-oxidative effects in the deoxyribose degradation assay, both in free form and in complex with iron, as it may occur with redox cyclers. Cyclic voltammetry confirmed this too. 8-Quinolinol significantly inhibited bacterial growth and respiration. Idiosyncratically, its 50:1 mixture with iron(III) ions was less active compared with free 8quinolinol; it even caused a U-shaped nonlinear hormetic effect on growth and failed to inhibit respiration as totally as the pure mixture; the respiration was even accelerated compared with the control as a result of lower stress. Our results support the notion that complex formation with either iron or other transition metals affects the reducing power of 8-quinolinol, but, in contrast to general assumptions, this study finds no support that complex formation with iron represents the major mode of action.
8-Quinolinol is a simple alkaloid that is known for many biological activities. Applications of 8-quinolinol and its derivatives are based on their antibacterial [1a,1b] , antifungal [1c], antiparasitic [1d] and insecticidal [1e] activities. Amongst others, this alkaloid was identified as a root exudate component of Centaurea diffusa, an invasive knapweed species in North America [2] . Currently, the efficacy of 8-quinolinol and its derivatives in inhibiting the progress of degenerative diseases is being studied intensively [1d].
The general view is that one of the major mechanisms contributing to the biological activities of 8-quinolinol depends on complex formation with iron and other transition metal ions [2] . Transition metals participate as catalysts in many physiological and pathological processes in the cell [1d,3] and are important cofactors of some enzymes [2,4a,4b ]. Furthermore, they may enter various nonenzymatic redox reactions that result in the formation of reactive oxygen species (ROS) [2, 3] . Many studies conclude that the toxic effects of 8-quinolinol against various cell types may be caused by interfering with the cellular metallo-enzymes, which leads to metabolic disturbances [1c, 5a,5b] . Another hypothesis pinpoints the toxic effect of 8-quinolinol and its complexes with transition metals to ROS formation by promoting the autoxidation reaction of the chelated metal atom central in the complex [1d, 2, 6] . In sharp contrast to this, derivatives of 8-quinolinol are regarded as promising candidates for medication against some neurodegenerative diseases that are triggered by excessive ROS [1d,7] . In this case, the complex formation with transition metals, especially iron, is assumed to decrease ROS levels, which slows the progress of the tissue destruction [1d, 3, 7] .
These controversies stimulated us to evaluate the redox properties of the free compound and its complex with iron in the deoxyribose degradation assay, and by cyclic voltammetry, as well as in a biological assay (antibacterial effects by growth and respiration inhibition). The deoxyribose degradation assay utilizes the oxidative degradation of 2-deoxy-D-ribose by hydroxyl radicals [8] . One of the degradation products is malonyldialdehyde (MDA) that, after reaction with 2-thiobarbituric acid, yields a pink pigment that can be quantified photometrically [9] . The deoxyribose degradation assay may be performed in various systems [8] . Here, we used two of them:
(1) Hydroxyl radicals are generated by the Fenton reaction (H 2 O 2 /Fe III /ascorbic acid system) [8, 9] . Ascorbic acid reduces iron(III) to iron(II) that reacts with hydrogen peroxide.
2 Fe III + ascorbic acid → 2 Fe II + dehydroascorbic acid H 2 O 2 + Fe II → • OH + OH -+ Fe III (Fenton reaction)
This system detects possible interactions of the tested compound with the Fenton reaction, with either promotion or inhibition of the oxidative degradation of 2-deoxy-Dribose [8] .
(2) Autoxidation of the test compound may occur in the presence of iron(III) ions (Fe III system). The principle of this assay system is the possible reduction of iron(III) to iron(II) by the test compound. Iron(II) reduces molecular oxygen present in the reaction mixture to superoxide anion radical that dismutates into molecular oxygen and hydrogen peroxide, the latter starting the Fenton reaction [8] . In both systems, iron(III) is added either as FeCl 3 or in complex with ethylendiaminetetraacetic acid (EDTA). If iron ions are added as chloride, they can form the direct complex with the test compound [8, 9] . Site-specific effects of the test compound-iron complex can be studied. The EDTA complex inhibits complex formation of iron with other ligands and thus gives information about nonsitespecific effects of the test compound [8, 9] .
The redox properties of 8-quinolinol were also investigated by an electrochemical method, cyclic voltammetry, which characterizes either oxidation or reduction reactions of the test compound and their potential reversibility [10] .
The antibacterial effects of 8-quinolinol were assessed on two species, Curtobacterium flaccumfacies and Paenibacillus amylolyticus, both of them Gram-positive and aerobic [11a, 11b] . 8-Quinolinol, its mixture with iron(III) (8-quinolinol:Fe III 50:1) containing the 8-quinolinoliron(III) complex, and iron(III) as FeCl 3 were added to TSB medium. The high ratio 8-quinolinol: Fe III was chosen in an attempt to prevent complex decomposition by co-occurring ligands in the medium (e.g. amino acids). Growth and respiration of bacterial cultures on spiked and non-spiked media were compared.
System 1 of the deoxyribose degradation assay revealed strong antioxidant properties of 8-quinolinol in the H 2 O 2 / Fe III /ascorbic acid system ( Figure 1a ); 8-quinolinol inhibited the oxidative degradation of 2-deoxy-D-ribose.
This activity was more apparent in the site-specific variant where iron was added as FeCl 3 . 8-Quinolinol significantly decreased the MDA concentration even at 2 µM compared with controls, and proved to be more efficient in the same assay system than the well-known antioxidants catechin [12] and quercetin [8] . In the nonsite-specific variant, where iron was added as EDTA complex, 8-quinolinol was also active, but clearly less compared with the site-specific variant. This suggests two interaction modes of 8-quinolinol with the oxidative degradation of 2-deoxy-Dribose: (1) 8-quinolinol inhibits the generation of hydroxyl radicals by complex formation with iron ions preventing their participation in the Fenton reaction [8, 9] , but not by precipitation (no precipitate was detected after careful inspection); (2) the results of the non-site specific variants with the EDTA complex indicated that 8-quinolinol is able to scavenge ROS directly [8, 9] . The autoxidation part of the deoxyribose degradation assay (System 2) indicated no activity ( Figure 1b ). Accordingly, no evidence supports the assumption that 8-quinolinol may reduce iron(III) to iron(II) or molecular oxygen to ROS.
The antioxidant effects of 8-quinolinol are similar to the flavonoids catechin and quercetin [8, 12] . Flavonoids are reducing compounds with potential to complex iron [13] . Compared with them, 8-quinolinol was a better antioxidant, especially in the site-specific variant where iron directly complexes with 8-quinolinol. If iron is complexed by EDTA, 8-quinolinol was shown to have insufficient reducing power either to reduce iron(III) or molecular oxygen, a redox reaction that either catechin or quercetin is able to achieve in the identical assay system [8, 12] .
Cyclic voltammetry confirmed the ROS scavenging properties of 8-quinolinol ( Figure 2 ). In the first cycle, the voltammogram showed one pronounced oxidation peak at 531 mV (peak 1) that was not fully reversible. The limiting current of peak 1' at 495 mV of the reduction part of the cycle is very low. Two new peaks, 2' at 268 mV and 3' at 138 mV appeared during the reduction part of the voltammetric curve. From these two substances forming 2' and 3', only the peak 3' was reversibly oxidized in the second cycle (peak 3). Accordingly, 8-quinolinol, during anodic oxidation on the electrode surface (peak 1), may undergo follow-up chemical reactions leading to the formation of new redox active substances (peaks 2'and 3').
The results of cyclic voltammetry concur with those obtained by the deoxyribose degradation assay: 8-Quinolinol is a good antioxidant. Not only complex formation with transition metals contributes to its activity, but also its reducing power. Although a direct relation between reactions on the electrode surface and with those in the reaction solution of the deoxyribose degradation assay is difficult, the formation of further substances with antioxidant activity during the oxidation of 8-quinolinol with ROS is suggested. Concurringly, Ncanna and Burton reported that the oxidized 8-quinolinol forms redox active polymers [14] .
In the antibacterial assay, 8-quinolinol strongly inhibited growth and slowed respiration in higher concentrations, but accelerated the latter in lower ones. Both effects can be interpreted as stress. Moreover, both bacterial strains, Curtobacterium flaccumfacies and Paenibacillus amylolyticus (Figure 3a,b) , showed similar behavior and this concurs with previous reports [1a,1b] . The mixture with iron(III), however, in which the complex of 8-quinolinol with iron(III) was formed, proved, compared with the free ligand, as less antibacterial and even showed a non-linear U-shaped effect (Figure 3c,d) . By contrast, identical concentrations of iron(III) ions added as FeCl 3 caused either very weak or no effects (Figure 3e ,f). This shows impressively how small amounts of available iron modulate the 8-quinolinol activity.
Generally, the toxic effect of 8-quinolinol is explained as follows: Precipitated 8-quinolinol-metal complexes decrease the availability of iron and other transition metals for metalloenzymes in the cell [5a,5b,15]. This assumption is supported by the observed antibacterial activity of 8quinolinol in our experiments and the toxic effects reported by others. Other authors, however, in sharp contrast to this iron deprivation hypothesis, propose a function for 8-quinolinol as a siderophore that facilitates micronutrient metal uptake [16] . Saturated complexes of iron with 8-quinolinol (8-quinolinol:Fe III 3:1) are more lipophilic than the free ligand and thus should pass through membranes more easily [17] . After formation, the 8quinolinol-metal complex precipitates, especially in higher concentrations. This, however, may create a deposit providing the metal; we have to assume that constant equilibrium formation occurs between the precipitated and dissolved complex. The concentration of the dissolved complex is decreased continuously by diffusion into the cells. This diffusion of low concentrations of the transition metals may even prove as beneficial for the cell because it represents a stable supply of available iron (or other transition metals).
The assumption that strong metal complexation contributes to the toxic effects of 8-quinolinol is challenged further by the application of 8-quinolinol derivatives in the medication of neurodegenerative diseases [1d,7]. Nervous tissues belong to those that are the most sensitive to oxygen deficiency. It is generally known that irreversible damage of cerebral structures appears during a period of only a few minutes after hypoxia starts [18] . According to the toxic mode of action, 8-quinolinol should remove transition metals from metalloenzymes in mitochondria and disturb the redox homeostasis of the effected cell such that apoptosis starts. Ding et al., who studied apoptosis induction by a derivative of 8-quinolinol, clioquinol, a drug that is applied in the treatment of neurodegenerative diseases, however, showed that even saturated clioquinolmetal complexes induced apoptosis of cancer cells. Experiments were performed with free clioquinol and its complexes with iron, copper and zinc [19] . These results strongly contradict the general view that metal deprivation is mainly responsible for the toxic effects of 8-quinolinol.
Another attempt to explain the toxic effects of the saturated metal-8-quinolinol complex argues with the formation of half complexes by partial hydrolysis once the saturated complex has entered the cytoplasm [1a, 1c] . Free 8-quinolinol, metal ions or the half complex then may cause toxic effects. In our antibacterial assays, however, the complex of 8-quinolinol with iron(III), which should enter the bacterial cell more efficiently due to enhanced membrane penetration properties [15, 16] , not only proved to be less toxic than free 8-quinolinol, but caused a nonlinear U-shaped effect that can be classified as hormetic.
Similarly idiosyncratic, the respiration rates were accelerated (visible in both tested strains), even at concentrations that nearly completely inhibited growth (Figure 3c,d) . The concentration of the free 8-quinolinol was reduced by complex formation with iron(III). The saturated 8-quinolinol complex with iron(III) is formed by a ratio of ligand:iron(III) of 3:1. We used a ratio of 50:1 in the assay because the TSB medium contains amino acids that are competitive ligands of iron. The high ratio of 8-quinolinol was chosen to facilitate complex formation between this ligand and iron (law of mass action).
If iron(III) is added alone (Figure 3e,f ), no effect on growth and respiration was visible. Adding iron(III) in a ratio of 1:50 to 8-quinolinol caused a dramatic effect on the activities. Although further experiments are required to explain this, the fact that it happens strongly suggests that low concentrations of iron can dramatically modify the activity of 8-quinolinol, but complex formation of iron does not represent the mode of action, as stated previously.
At this point of the discussion it becomes clear that the elucidation of 8-quinolinol's mode of action requires an alternative approach. In contrast to studies of Murakami et al. [6] , who suggested pro-oxidative effects of 8-quinolinol and xanthurenic acid complexes with iron(II) based on aconitase activity, which is regarded as an extremely sensitive method, we found none in the deoxyribose degradation assay for the iron(III) complex. Autoxidation of the iron in the complex may lead to ROS formation and different ligands may affect this redox chemistry by either inhibiting or promoting it [8, 20] . Phenols, such as some phenolic acids and flavonoids, can promote the autoxidation of the iron central atom at neutral or weakly alkaline pH, but, conversely, they are better known as antioxidants [21] . In the deoxyribose degradation assay, iron(III) ions are used instead of iron(II) ions. The possible reduction of iron(III) to iron(II) by the test compound that , in consequence, may cause reduction of molecular oxygen by iron(II) is an important component for iron(III)/iron(II) redox chemistry that has to be explored when studying ROS formation by test compounds [8] . Nicoletti et al. assumed various modes of action depending on whether 8-quinolinol is present in a free form or as a metal complex [22a,22b] . The deoxyribose degradation assay and the cyclic voltammetry point out that 8-quinolinol has a strong antioxidant and thus radical scavenging activity, more or less irrespective of its state as either a metal complex or in free form (see systems of the deoxyribose degradation assay). Consequently, we propose that the major mode of action of 8-quinolinol is decreasing ROS levels, which, in case of toxic effects, may occur to such an extent that it switches off ROS cell signaling. Redox homeostasis implies that low levels of ROS have to be present for regulation of metabolic processes and development of the cell cycle [23a-23c] . When the stress level is low, 8quinolinol damages cells (for example, antimicrobial and cytotoxic effects), but, at higher stress levels, when ROS concentrations are increased, 8-quinolinol alleviates the oxidative stress (medication in neural degenerative diseases). The actual extent of the specific scavenging effect, however, strongly depends on the reaction milieu at the site and is affected concomitantly by compartmental pH, water, ROS, and molecular oxygen concentrations, as well as the presence or absence of competitive ligands, such as citric, tartaric, malic and glutamic acids, or nicotianamine.
Summing up, we propose that complex formation with either iron or other transition metals affects the reducing power of 8-quinolinol and thus both its potentially toxic and alleviating effects, but does not represent the major component of 8-quinolinol's mode of action.
Experimental
Chemicals: Hydrogen peroxide, 2-deoxy-D-ribose, and tryptic soy broth (TSB) were obtained from Fluka (Buchs, Switzerland). All other chemicals used were of analytical grade and purchased from Sigma-Aldrich Inc. (St. Louis, MO). Water was of Milli-Q quality.
Deoxyribose degradation assay: Assays were performed as described elsewhere [8] . Test solutions were adjusted to pH 7.4. Test compound concentrations ranged from 2-500 µM. Reaction mixtures (H 2 O 2 /Fe III /ascorbic acid) lacking the test compound served as a positive control (100% malonyldialdehyde). For all systems, possible interferences of tested compounds with the MDA detection procedure in the assay systems were checked before the experiments [24a] . We did not observe any interference between 2-deoxy-D-ribose and Fe III [24b].
Cyclic voltammetry: Voltammetric curves were recorded at ambient temperature in a three-electrode µAutolab PGSTAT type III system (EcoChemie Inc., The Netherlands). The working electrode was a glassy carbon electrode (3 mm diam), Ag/AgCl (saturated KCl) was used as a reference electrode, and platinum wire as a counter electrode. The glassy carbon electrode was cleaned with MeOH and water, and polished before every measurement. The effective scan rate of the CV was 50 mV s −1 . The scan potential was from −250 to +1200 mV. 8-Quinolinol was dissolved in degassed water. The concentration was 1 mM. The solution for analyses was prepared by mixing 1 mL of the water solution with 9 mL of the degassed buffer. We used citrate-phosphate buffer, pH 7.4. The ionic strength of the buffer was 1 M. The ionic strength of the buffer was adjusted by K 2 SO 4 . The electrolytes were degassed by argon for 10 min, and measurements were carried out under argon atmosphere.
Antibacterial assay: Paenibacillus amylolyticus AIT886 (accession no. AM237378, 98% identity; Paenibacillaceae) and Curtobacterium flaccumfaciens AIT876 (accession no. EU236753, 99% identity; Microbacteriaceae) were used. Sensitivity of the bacteria against 8-quinolinol and a combination of 8-quinolinol with iron(III) was assessed with broth microdilution method [25] . The microorganisms were exposed to 6 concentrations, which were prepared by serial 1:1 dilutions: 8-Quinolinol (500 µM -15.6 µM), 8-quinolinol plus FeCl 3 (500 µM plus 10 µM -15.6 µM plus 0.3 µM). As control, microbial growth and respiration were also tested with 6 concentrations of iron alone (10 µM -0.3 µM FeCl 3 ). Additional controls for sterility were included in the assay: the chemicals in medium, medium only, and the microorganisms in medium. The assay was performed in liquid culture in sterile 96 well U-shape PSmicroplates with lids (Greiner Bio-One Kremsmünster, Austria). Tryptic soy broth (TSB) was prepared with buffer (3 g TSB, 1 L 25 mM NaOH/KH 2 PO 4 buffer; pH 7.4). The medium were sterilized (CertoClav Sterilizer GmbH, Traun, Austria) at 121°C for 15 min. Stock solutions of the chemicals were prepared: 8-quinolinol was dissolved in 25 mM TSB buffer medium. For the combination of 8quinolinol and FeCl 3 , 8-quinolinol was first dissolved in 50 mM TSB buffer medium, whereas FeCl 3 was dissolved in sterile water; the 2 fractions were mixed immediately before use. The FeCl 3 was dissolved in sterile water and mixed with 50 mM TSB buffer medium immediately before use. Then, 5 serial 1:1 dilutions of stock solutions with the TSB buffer medium were prepared in 96 well microplates in a total volume of 50 µL. Finally, 50 µL of bacteria solution, adjusted to 10 5 CFU/mL, was added to each well. Microplates were sealed with Parafilm "M" (Brand GmbH, Wertheim, Germany) to avoid evaporation and incubated at room temperature on a horizontal shaker (120 rpm) for 2 days. Microbial viability was detected by turbidity measurements at 600 nm with a spectrophotometer TECAN infinite M200 (Tecan Group Ltd., Männedorf, Switzerland) and additional respiration measurements using MicroResp TM (Macaulay Land Use Research Institute, Craigiebuckler, Aberdeen, UK). The MicroResp TM system was slightly modified for the use of PS-microplates instead of deep well microplates in the way that smaller clamps were used to fix the system. The incubation time for respiration measurements was 6 hours. Absorbance of the MicroResp TM detection plates was measured at 570 nm at the beginning and end of incubation. All assays were performed in triplicate.
Statistics:
Statgraphics Plus 5.0 (Statistical Graphics Corp., Rockville, MD) was used to perform analyses of variance (ANOVA) with Duncan's multiple range tests at a confidence level of 95%.
